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INTRODUCTION
One of the most Important problems concerning farm
buildings is that of the proper construction to use in order
to secure the maximum of protection against damage caused by
wind. Studies of the loss through damage by wind to Iowa
farm buildings Indicate a very real need for improved design
and careful construction of farm buildings in order that the
losses to farmers may be decreased to a minimum.
Clark (3) states that, for the 3-year period 1930-1932,
53 per cent of the claims paid by insurance companies for
constructional losses to Iowa farm buildings due directly to
wind were paid on barns. This, coupled with the fact that the
barn usually represents the largest single investment of any
of the outbuildings, points toward its selection as the most
favorable starting point in the improvement of farm building
design.
Since tornadoes are so violent in nature, it Is not con*
sidered feasible to design a barn frame to withstand them.
It would take such massive construction and such excellent
anchorage that the cost would be out of all proportion and
would be prohibitive to the general farm population. But
winds of cyclonic nature are usually not so severe in their
effect on buildings, and it becomes a matter of determining
-6-
what velocity of wind a barn should "be designed to withstand.
If this figure is set too high, it will be cheaper In the end
to rebuild the barn, if such a wind occurs, than to build it
so strong in the first place.
The highest wind ever recorded in Iowa is approximately
68 miles per hour; hence It would appear logical that if a
barn were designed to withstand a 70-mile per hour wind, the
probability is small that it would be destroyed by wind during
its useful life.
It is difficult to design a barn for any given wind
velocity due to the uncertainties in the properties of the
material and the workmanship of erection, but experience has
shown that certain types of construction are better than others
and a little well directed research would greatly facilitate
adequate and economical design.
The three most frequently used roof types for farm barns
are the gable, gambrel and gothlc types. Of these the most
numerous has been the gambrel roof with the popularity of the
gothlc style on the Increase. This Is due, no doubt, to Its
more pleasing outlines and clean-cut appearance.
Though the gambrel roof has held a high place in the
favor of farmers in general and has undergone many Improvements
of design since it first came into popular use, it has many
shortcomings and disadvantages. Many of its faults are elimi
nated by the use of the gothlc type of barn roof; but here
-7-
agaln there are other undesirable features.
Past experience in the use of the Gothic roof has shown
the difficulty in building a roof of this type in such a way
that it will withstand the loads imposed upon It without sag
ging. Nevertheless it Is possible to make a curved rafter to
conform lauch more closely to the ideal shape, which will carry
the dead loads without producing a bending moment In the rafter
itself, than it is to make a rafter with straight segments such
as is used In the gambrel roof barn. The suitability of a
shape conforming to an inverted catenary was shown by Glese (7)
for a masonry roof. A rafter made In the shape of a circular
arc more nearly approaches the catenary than one made with
straight segments such as a rafter for a gambrel roof. Hence
If a curved rafter ean be made with sufficient resistance to
lire loads and can be framed into a roof with enough strength
to carry the loads at the Joints^ a step forward has been taken.
The chief remaining criterion for design is that the proper arc
be chosen to enclose adequate storage space and at the same
time provide a shape as nearly stable under dead loads as
possible.
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REVIEW OF PREVIOUS BTVESTIGATIONS
In 1932 Schweers (14) reported on a study of farm build
ing losses in Iowa due to wind. His work was concerned chiefly
with a study of the statistics of wind losses, the factors
influencing the losses, and with a series of comparative
strength tests on methods of constructing a particular Joint.
He selected the plate Joint of a rafter for a gambrel roof as
the most important point of Incipient failure after a study
of the records, both photographic and statistical, of a large
number of barns that had suffered damage by wind* Four dif
ferent types of plate joints were constructed on a 4-inch scale
and tested until either the section collapsed or some part
loosened to the point where complete failure was inevitable.
The results of these tests show that nailing the rafter
to the side of the stud instead of toe-nailing it to the plate,
as is the most common practice, resulted in a very superior
method of fastening the roof to the side welII* This evidence
was supported by tests made on other commonly used types of
fastenings. The work of Schweers also showed the slight
advantage of a short braoe over a long brace at the plate when
the rafter is toe-nailed to the plate and braced to the rafter.
Arnold (1) reported an investigation of the design of barn
roof trusses to resist wind pressures in which he selected the
Clyde truss for further investigation because of "...its unique
-9-
design and Its inherent advantages mentioned.** Since the Clyde
truss was originally designed and tested for impact wind pres
sures only, it was felt that valuable information could he
gained by analyzing and testing the truss following the more
recent developments in the theory of wind pressure distribution.
The new theory took into consideration the reduced pressure on
the leeward side of the bam and also the reduced pressure due
to the Increased velocity of the wind parallel to the surface
of the roof over certain sections.
Some of Arnold's conclusions are:
1. "The dead loads on a barn roof truss, within reasonable
limits, counteract the wind loads and reduce the stresses on the
individual member during high winds.**
S. "If the construction of the Gothic barn roof can meet
the requirements of strength, durability and initial cost, it
is the most economical type in maintenance and cost per cubic
foot of mow space."
3. "With winds in certain directions, proportionately
large outward pressures may act on an entire roof section and
therefore strong joints or ties between the truss support and
plate, purlin or ridge in a well designed truss, are essential."
4. "The actual application of loads to scale models, such
loads being proportional to the wind loads in magnitude and
direction, is an accurate and practical method of determining
defects in bam truss designs and provides a reliable basis
for in^rovement of such designs."
- ••
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Although these conclusions were drawn primarily with
reference to the Clyde truss, they are applicable eilso to the
design of the glued, laminated, bent rafter. As a result of
N
the tests conducted on the Clyde truss, Arnold demonstrated
the advisability of a method of reinforcing the plate Joint
with a metal strap from the stud to the upper chord of the
truss which provided for a factor of safety of 2 in wind
velocity.
Giese and Anderson (8), in a paper presented before the
Structures Division of the American Society of Agricultural
Engineers at Chicago, December 1931, reported some tests of
laminated beams, both glued and unglued. The tests were in
tended to be only comparative in nature so they were made on
straight instead of curved beams. The combinations used in
fastening the laminations together were: nails alone, nails
and bolts, nails and glue, nails and bolts and glue. If the
stiffness is expressed as the reciprocal of the deflection,
the following are some of the conclusions reached:
1. A glued rafter of six lx5*s, laminated and bolted,
is 3.6 times as stiff as an unglued specimen of the same type.
£• A glued rafter consisting of five 1x4*s, laminated
(not bolted), is 3.5 times as stiff as an unglued rafter of
the same type.
3. A rafter consisting of six 1x3*8, laminated, requires
only nine-tenths of the l\imber of one consisting of five lz4»s
laminated.
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From these conclusions the Indications are that gluing a
laminated rafter adds to its stiffness much more than any other
type of fastening, and that economies can be effected, if glue
is used, by increasing the depth and decreasing the width of
the rafter cross-section within reasonable limits* The effect
of the glue is to give the glued rafters an elasticity similar
to that of solid timbers.
Clark (3) investigated the strength and stiffness charac
teristics of several types of bent, laminated rafters, which
included rafters built up of five lx4*s and of six lx3*s, both
glued and unglued. In the glued rafters Waterproof Casco glue,
which is a casein glue, was spread on the laminations in a strip
approximately one-half the width of the lamination before nail
ing. In building up the rafters no joints in the laminations
were placed closer than three feet apart. The rafters were
built on an arc with a radius of 25-1/2 feet and of a length
such that the center of curvature would fall three feet below
the plate line. The results of the tests showed that the glued
rafters were 1.7 times as stiff as the unglued rafters; that
the glued rafters exhibited a factor of safety at brealcing load
of 3.3 considering the maximum wind velocity at 70 miles per
hour; and that they showed more elasticity than the unglued
rafters. Also, indications were that the vjater-resistant glue
would be durable under the conditions to which it is exposed
in a barn roof.
-12-
THE INVESTIGATION
Preliminary Considerations
In order to better understand the problem at hand and to
direct the experimental testing along worthwhile channels v^ich
will yield useful information, it is necessary to do a certain
amount of theoretical investigation before starting the testing#
There has been a very small amount of time and money spent
in the detailed analysis of the design of farm buildings as
compared with that spent on industrial buildings, office build
ings and other large structures« This is no doubt due to the
fact that the investment of any one business concern in wooden
buildings, such as are used on a farm, is too small to warrant
any very large expenditure In either time or money for research
regarding the theory of design for farm buildings. In other
words, it has seemed that not a big enough saving could be
effected in any particular construction enterprise by carrying
out a research program to pay for the cost of the research.
Hence it has been left largely to state and national institu
tions such as experiment stations and governmental research
laboratories to carry on investigations leading to improved
design for farm buildings.
In the design of any member for any structure consideration
must be made of the functional requirements of the member at
-13-
any and all times during the life of the structure. These
functional requirements can be determined or enumerated only
after a study of the performance required of the structure as
a whole. Also the relation of each individual member to the
others must be known in order to be sure of the loads that
will have to be carried and to be able to design for the
necessary strength in each member without being wasteful of
materials.
In this respect a study of the functional requirements
of a farm barn is in order, as is also a more detailed study
of the interaction of the various members.
Were it true that the greatest loads a farm barn might
ever be called on to withstand were those in the line of the
main purposes for which it is built - namely, the housing of
animals and the storage of feed - then the adequate and econom
ical design and erection of the structure would be a compara
tively simple matter. As it is, the greatest loads which the
main frame of a barn must withstand are due to high wind. It
Is true that high stress is produced in certain members when
a heavy hay load is taken into the mow, emd also some members
are highly stressed when large quantities of feed, such as
grain, are stored on the second floor; but these stresses which
are produced when the structure is performing the functions for
which it was built are much more simply evaluated than those
due to the unpredictable loads occurring at more or less
.14-
infrequentt intervals. Of these the wind loads are of chief
concern In the present InTestigation.
It is impossible to evaluate precisely the forces which
must be resisted by each member of a barn, even if the loads
to which the structure as a whole must submit could be calcu
lated exactly. The reason for this is that it is impossible
to determine just how much of the load is distributed to each
member through the various joints. Nailed joints, the most
common type used in farm structures, are very difficult of
analysis due to variations in the characteristics of the wood
used, variation in size and number of nails used, and variations
in placing of the nails. With the development of modern timber
connectors the design of timber jointsand connections has be
come much more precise; but much remains to be done in this
field, and the added labor and expense incident to their use,
especially on a farm where electric power is not available for
cutting recesses for certain types of connectors, greatly
retards their use.
One serious fault of a large number of barns erected in
the past is the lack of sufficient bracing between studs and
joists to trajismit the horizontal forces of the wind acting
against one side of the bam as a shear at the top of the
foundation. As a result, the hay mow floor acts as a huge beam
of length equal to the length of the barn and depth equal to
the width of the bam and laid on its side. In the absence of
-15-
bracing or braces of similar action^ the hay mow floor, acting
as a beam, transmits a large share of the horizontal force of
the wind to the ends of the barn. Consequently, unless the
ends of the barn are exceedingly well braced, the barn will
not have the strength to remain plumb in a high wind. Also,
even if the ends are well enough braced to resist the wind loads
successfully, if the barn is very long, the sides are liable to
be forced out of plumb while the ends remain vertical.
A recent development in barn construction is that of the
glued, laminated, bent rafter of seven laminations which may
extend from the ridge to either the plate or the sill as the
builder wishes. These rafters at present are made on a 34-foot
radius, but new specifications propose the use of a 33-foot
radius. The rigidity and strength of the structure would seem
to be greatly increased if the rafters are extended from the
ridge to the sill as a continuous member. The present rafters
of this type are approximately 35 feet In length, but new speci
fications call for a 36-foot length. When rafters conforming
to the new specifications are used in a barn 34 feet wide, the
center of curvature of the rafter will be approximately 11-13/16
inches above the lower end of the rafter. It follows then
that the widest part of the rafter arch will be at this point,
which means that the outside of the bottom end of each rafter
will have to be placed slightly less than ll/64-lnch inside
of the outer edge of the sill and foundation In order
.16-
tliat the sheathing will go on the Btuds without Interference
from the rafters; but this slight movement will not affect the
remainder of the structure adversely*
Specific Objectives
The specific objectives of this investigation are:
1« To study the stability under dead loads of the Gothic
arch and compare with the inverted catenary*
2. To build and test scale models of certain types of
glued, laminated, bent rafters with a view to the determination
of their relative ability to successfully resist wind load
stresses, and to a further improvement of their design by re
distribution of the material to the points of high bending
moment *
3# To suggest changes, based on the information gathered
in the present investigation, in the design of the glued,
laminated, bent rafter calculated to improve its load carrying
capacity or to effect an ecomomy of materials.
Stability of the Gothic Arch Under Dead Loads
In order that there may be no tendancy for a pair of
rafters to sag under dead loads, their shape must be such that
the line of thrust of the loads falls within the boundaries of
the material. This cannot be accomplished when the rafters
-17-
are circular arcs. As was mentioned previously, the inverted
catenary is the ideal shape for fulfil^nt of this requirement,
but there is difficulty In making the roof weather-tight at
the ridge since it is so nearly flat at that point. Also there
is more waste space under an inverted catenary roof than under
one with a sharp peak since the width necessary for the incom
ing sling or fork load is all that can be utilized to advantage
near the ridge.
In constructing the force polygon and the equilibrium
polygon for dead loads, Figure 1, the loads were calculated
for a rafter spacing of two feet on centers and for a length
along the rafter such that the loads would come at the points
of application of the wind loads as calculated for subsequent
testing pixrposes.
Figure 1 shows the line of thrust for dead loads and a
table defining the loads. The greatest eccentricity occurs
about 5-1/2 feet below the ridge and is equal to 1.4 feet.
The fiber stress caused by this eccentricity Is only about
225 pounds per square Inch for a rafter having seven lamina
tions at this cross section, each 1-3/4 inches by 25/32 inches.
This fiber stress is not critical.
Wind Pressure Distribution
Review of Previous Literature
The most difficult and uncertain part of an investigation
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of the loads on a fam barn is the determination of the wind
pressure distribution over the structure. When it was first
realized that the forces exerted on a structure by wind pro
duced stresses in the members of such magnitude that their
effects could not be neglected in design calculations, it was
thought that a consideration of the positive or impact pressure
on the windward side was sufficient for the purpose. Fleming
(6) states, **V/hat is Icnown as the Smeaton formula held almost
universal sway for 150 years and is still in use. It is very
1simple, p ^ HDD * , p being in pounds per square foot and V in
miles per hour.'* Fleming also says that "Wind pressure is less
per unit of area on large surfaces than on small ones," emd
"For more than a hundred years Hutton*s formula had almost the
exclusive field in England and the United States. It was
quoted in all textbooks and handbooks and is still retained in
some of them it may be expressed p^^ sin 61.84 cos ©-1."
A more recent forMila for the pressure of a wind on an inclined
surface such as a roof is the Duchemin formula, which is
^ 1 + sin2 0
This formula has had wide use in recent years and its use has
been successful from the standpoint that buildings designed
with its use have withstood, generally, the wind loads to which
they have been subjected. Lionel S. Marks (11), in the 1930
edition of his Mechanical Engineers* Handbook, submits only
-so-
Hutton's formula for use In calculating the wind loads on a
roof. The Uniform Building Code (12), 1937 edition, which
contains "Revisions and Additions Approved at the 14th Annual
Meeting, October, 1936" and was published In April, 1937, by
the Pacific Coast Building Officials Conference, requires only
that, "Roofs shall be designed for a vertical live load of
20 pounds per square foot of horizontal projection applied to
any and all slopes, except as hereinafter provided.
••Where the pise exceeds twelve Inches (12") per foot no
vertical live loads need be assumed, but the roof shall be
designed for the dead load and for a wind load of 15 pounds
per square foot of vertical projection*
"For purposes of design the wind pressure upon all verti
cal plane surfaces of all buildings and structures shall be
taken at not less than 15 pounds per square foot for those
portions of the building less than sixty feet (60*) above
ground and not less than 20 pounds per square foot for those
portions more than sixty feet (60M above ground."
In none of these methods of calculating wind loads is the
effect of reduced and negative wind pressures over certain
regions of the structures considered. It is remarkable that
this is the case since It has been known for many years that
these conditions do exist. As early as 1894 Irmlnger (9)
showed that the uplift on the leeward side of small models in
an air stream was three times as great as the normal pressure
on the windward side.
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In 1912, Captain C. Costanzi (4) performed experiments on
models of em airship hangar having the cross-sectional shape
of a Cjtothie church window or ogival point. The pressiires were
measured by means of 36 small apertures arranged at equal
intervals around the central cross-section and connected to
micromanometers. The results showed that suction or negative
pressure was present not only on the leeward side of the models,
but also on the windward side from the ridge down to a point
about one-fourth the distance to the ground line, as shown in
Figure 2, (a). The net effect of the wind forces, as shown by
the direction of the resultant, is a lifting force.
The experiments conducted by Dr. Eiarl Arnstein (2) on a
model of a leurge airship hangar corroborated the results ob
tained by Costanzi. This would be expected because of the
similarity of the structures used in the tests. The distribu
tion found by Arnstein is shown in Figure 2, (b).
In "An Investigation of Pressures and Vacua Produced on
Structures by Wind," by H. M. Sylvester (15), he states the
following:
"Prom a study of the results of the tests described herein,
and of various other investigations, the conclusion is reached
that the true distribution of wind pressure on structures is
practically beyond the reach of theoretical analysis. It is
not possible that the general nature of the pressure distri
bution can be predicted, and the observed phenomena explained
\
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"by theoretical processes; however, it is believed that the
actual idiosyncrasies of the various pressure curves can be
determined in true magnitude only by observation. None of the
effects of wind appear to be reducible to simple formulae
except the effect of the actual 'velocity head' and even this
can be stated in mathematical terms only In magnitude and not
in distribution."
According to statements by J. 0. T. Irminger and Chr.
Kokkentved (10) in a recent publication, the distribution of
wind pressure over a building is affected by a change in
height of the side wall and also by any change in the roughness
of the ground on the windward side of the building, as well as
by the slope of the roof. The experiments conducted by
Irminger and Nokkentved showed that a turbulent region exists
on the windward side of the building bounded by the ground,
the side of the building and the windward vortex layer which
is the imaginary surface between the turbulent region and the
region of smooth or stream-line flow. The greatest variation
of pressure distribution v;lth changes In the height of the
building occurred with a roof slope of about 20*^. When the
roof was considerably steeper than the slope of the windward
vortex layer, a positive pressure prevailed over the windward
roof slope. When the roof was considerably flatter than the
vortex layer, then suction, or negative pressure, was experienced
over the windward roof area. The extent of the windward vortex
-24-
region Is governed largely by the friction between the moving
air and the ground# Hence the length of the vortex layer
varies directly, and the slope of the vortex layer inversely,
as the roughness of the ground on the windward side of the
building. Most barn roofs are a good deal steeper than SO®;
consequently the vortex layer would have to be quite steep,
corresponding to an exceedingly smooth ground surface, to pro
duce a suction over the entire windward roof area. In an actual
case of a barn with a Gothic roof using rafters of the type
considered in this work, the slope of the tangent to the roof
at the ridge is 0.567 corresponding to an angle of about 30°.
This would indicate that a positive pressure might be expected
over the entire windward roof area were it not for the fact
that the pressure normal to a surface varies inversely as the
velocity of the air passing parallel to the surface, and
directly as some constant.
In the design of a particular bam it would be desirable
to consider the effect on the pressure distribution of the
roughness of the ground surrounding the structure and of the
sheltering effect of any near-by objects. In this way, with
a knowledge of the wind velocities and other characteristics
for the region, an economical though adequate design could be
worked out. However, in the design of a rafter for general
use a certain set of conditions must be decided upon v/hich will
cover sufficiently well the large variety which must be met in
actual practice.
-25-
Pressure distribution used in this investlRatlon
In determining the pressure distribution to be used In
the present investigation a study was made of the work of
previous investigators, and the distribution shown in Figure
2, (d), was decided upon. The numbers represent the values
at the ridge and sills of the force coefficients, and the
lengths of the arrows represent the values between these points.
In Figure 2, (c), is shown the distribution used by Clark {3)«
It will be noticed that the maximum value used in this inves
tigation is a trifle smaller than that used by Clark. Since
the radius of curvature of the rafters tested by Clark was
approximately 25 feet 5 inches, as compared with 33 feet used
in t'als Investigation, it is believed that the negative pressure
would not be as great on the roof considered in this study.
The distribution used herein euid shown in Figure 2, (d), was
submitted to Dr . Dryden of the U. S. Bureau of Standards who
gave the opinion that this represents the true distribution
according to present information.
Materials and Methods Used
Types of rafters
There is such a great variety of sizes and proportions
used in farm barns that it becomes necessary to eliminate some
and to select a representative type to consider which will
-26-
present a problem tliat Is typical and offer the greatest oppor
tunity for improvement of structural details.
From a study reported by Giese (7) of the barn widths in
ezistence euid those recommended by various authorities, 34 feet
is the width that represents the greatest number of types;
hence this width was used in this investigation.
Two general methods of carrying forward an investigation
of the type to which the present one bslongs may be enumerated
as follows:
First: Tests may be made using numerous combinations of
materials, specimens, and other variables with the object of
simulating, in the tests, the usual range of variations to be
found under actual service conditions. Then the results of
the tests will be studied carefully to determine what might be
expected under the average or most coramon situation, and a
single figure or conclusion decided upon which is most
representative•
Second: All factors affecting the investigation and all
variables may be studied and analyzed with a view to the
determination of a set of conditions and variables which are
truly representative of those met in practical situations,
and a limited number or possibly a single test procedure set
up which will result in information applicable to the general
case.
The latter is the procedure commonly followed in deter
mining the loads on a barn due to wind and in selection of
-27-
standard or average "barn dimensions- Consistency Is maintained
in procedures if this method is used In testing rafters for
behavior under wind loads.
The latest specifications for the rafters are as follows;
Length equals 36 feet.
Shape is the arc of a circle with 33-foot radius.
Type is the glued, laminated, bent construction without
nails or bolts.
Laminations are seven in number, each 1-3/4" by 25/32^
in cross-sectional dimensions, and glued together with cold
casein glue under pressure applied by means of clamps.
These rafters are intended to extend from the sill to the
ridge and to be connected to the joists with a suitable con
nection. Figure 3, (a), shows the model of this type.
Analysis of the internal stresses in this type of rafter
is somewhat involved, but it may be expected that the maximum
bending moment will occur at the plate joint, since the action
of the rafter is similar to that of a cantilever beam, although
it is not rigidly fixed at that point. Assuming that the
bending moment is maximum at the plate joint under the action
of wind loads, then it would seem feasible to decrease the
depth of the rafter at the ridge where the external bending
moment Is less. Accordingly, specifications were drawn up
which called for five lamlaatlons continuous from end to end,
except where splices occurred, plus two Inner laminations to
-28-
Figure 3. Rafter Models Tested
Figure 4. Gluing Form with Rafters in Place
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be cut off at distances of 16 feet and 8 feet from the ridge
for the innermost and next laminations respectively. Figure*
3, (b), Illustrates the model for this type.
To go one step further, another set of specifications was
set up for a rafter of the same general characteristics with
the exception that this one was to have nine laminations at
the sill and plate and five at the ridge, the laminations,
beginning with the innermost, to be cut off at distances from
the ridge of 26, 22, 16, and 8 feet respectively. This type
of rafter has exactly the same cubical content as the type
having seven laminations continuous from end to end and there
fore requires the same amount of lumber, but the redistribution
of material contemplates a considerable increase in the internal
resisting moment without any increase in cost.
Rafters of this type require no bracing other than the
collar beam; hence only a very small portion of the space under
a roof is occupied by the rafter. The area above the mow floor
of a pair of rafters in place is approximately 27.6 square feet
which is small as compared with the area occupied by the rafters
and braces in a gambrel roof barn. The not cross-sectional
area inside the rafters and above the mow floor in a bam of
the type considered here is 500 square feet, as measured with
a polar planimeter on a scale drawing.
Construction of models
Since the equipment on hand includes a steel testing frame
•so-
made for the express purpose of testing rafters, models were
constructed on as large a scale as could he tested in this
frame. The frame was originally constructed to test rafters
Just one-half the size of those actually used in bams; hence
the models were made to a 6-incii scale. This is also a con
venient scale to use tor figuring tne loads to apply to the
models•
The material was specially selected for denisty, freedom
from icnots, and straightaess of grain. Close grained stocic
was selected in order that the grain of the wood might be
represented in the models as nearly as possible to the same
scale as the linear dimensions of the rafter. The lumber was
purchased as finish boards and ripped and surfaced to the
proper scale dimensions. The cross-sectional dimensions of
each lamination in the models were 25/64 inch by 7/8 inch.
The longest lamination used was 10 feet in length and the
shortest 4 feet, with 5, 6, 7 and 8-foot lengths being used
also. In building up the rafters no joints in adjacent lami
nations were placed closer than two feet along the longitudinal
axis of the rafter, which corresponds to a distance of four
feet in the full sized rafter. The lengths and arrangements
of the laminations for the three types of rafters are illus
trated in Figure 3.
In constructing the models a wooden frame, ehovra in Figure
4, was used, on which 6-inch lengths of 2x4*s were bolted on
-Sl
edge at intervals of one foot. The blocks were placed so that
their ends formed the Inner arc of the rafters- In placing
the laminations the inner one was placed first in a position
near the bottom of the blocks as the frame lay on its side#
The strip was then fastened lightly In place by driving small
brads through it into the blocks as often as necessary along
the strip to hold it in place. Glue was then spread on the
surface of the strip with a small wooden paddle. The glue was
spread over the entire surface of the strip and another lajni-
nation put in place over the first and fastened in a few places
with brads* In this way the laminations were laid successively
iintil one rafter had been completed. In order to save time,
a second rafter was laid immediately, leaving a half-inch space
between the two. When the second rafter was completed, 1/2-
inch bolts with washers of 1/2 by 2-1/2 by 4-1/2 inch strap
iron under both the heads and the nuts were placed in the space
between the rafters, and the nuts were tightened down to clamp
the laminations together while the glue hardened. Figure 4
shows a portion of the frame with rafters and claa^js in place.
A study of the results of tests conducted by Clark (3)
indicates that nails in a glued rafter have practically no
effect upon the strength or deflection of a glued, laminated,
bent rafter up to the point where the glue fails. Hence it
was considered that models constructed as above explained would
have the same strength characteristics as the full size model
since the brads used were few and quite small. The brads were
-32-
18 gauge and placed at intervals of two to four feet in each
lamination, and those left exposed after the rafter was removed
from the form were pulled with a pair of nippers.
Calculation of loads
In calculating the loads to be applied to the models, the
loads on a full size rafter were first found and reduced the
proper amount for the scale model.
Wind pressure on a barn roof is a non-uniformly distributed
load; but since it is impractical to apply a distributed load
to a rafter under test, it was deemed permissible to substitute
a number of concentrated loads, each concentrated load repre
senting the total of the uniformly distributed load over a
previously selected area of the roof. Accordingly the decision
was made to apply seven loads to each rafter. As illustrated
in Figure 5, the rafters were divided into seven intervals.
The total load on each interval was found by multiplying the
roof area represented. Tables 1 to 4, by the average resistance
coefficient, Figure 2, (d), and Figure 5, for that area, and
by the velocity pressure of the wind at different speeds,
Tables 1 to 4. Since the load on the rafter is not distributed
uniformly, the concentrated load substituted will not usually
be at the center of the interval taken along the rafter. The
proper position of the load was found by drawing an equilibrium
polygon for the force coefficients drawn to scale for each
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Table 1
Wind Loading, Wind at 90° to Side Wall
(Left or Windward Rafter)
Load A
Load Point
Number 1:2:3• • 4
TotalL ad FullSizeRaft r (lb.) TotalLo d l/2-SizeModel (lb.) IncrementofLoad (lb.)
Roof Area
sq. ft.
2x4|: 2- 2
8 ft7:8 ft.:8 ft. 8 ft.
"Value of "C"
# »
1.0 : 0.95: 0.77 0.37
• •
' * 03
• -P *0)
. H-f
<D • O •• (Ifii
f£ : 0 f-i: •g *r-iS3l l>>4J
3 : (D'^ +> u
S ,> •.
• H-i' O •
'2fiO H I-I
o :«H : <D^
l-r) . ^ , f>
• •
• •
• •
* * •
• « •
• • «
• • •
« • «
• • •
• • «
t • •
« # ♦
• • •
• « •
• • •
« • •
• • •
• ♦ «
• • «
• • •
• • •
• * •
• • •
• » •
• • «
• •
• •
• •
• «
1; 40: 4.09 32.7: 31.1: 25.2 12.1 101.1 25.3 25.3
E: 45. 5.18 41.4- 39.3. 31.9 15.3 127.9 32.0 6.7
3: 50: 6.39 51.1: 48.5: 39.3 18.9 157.8 39.5 7.5
4: 55: 7.74 61.9: 58.8: 47.7 22.9 191.3 47.8 8.3
5: 60: 9.21 73.7: 70.0: 56.7 27.3 227.7 56.9 9.1
6: 65:10.81 86.5: 82.2: 66.6 32.0 267,3 66.8 9.9
7: 70:12.53 100.2: 95.2: 77.2 37.1 309.7 77.4 10.6
8: 75:14.39 115.1:109.3: 88.6 42.6 355.6 88.9 11.5
9: 80:16.37 131.0:124.5:100.8 48.5 404.8 101.2 12.3
10: 85:18.48 147.8:140.4:113.8 54.7 456.7 114.2 13.0
11: 90:20.72 165.8:157.5:127.7 61.3 512.3 128.1 13.9
12: 95:23.08 184.6:175.4:142.1 68.3 570.4 142.6 14.5
13:100:25.58 204.6:194.4:157.5 75.7 632.2 158.1 15.5
14:105:28.20 225.6:214.3:173.7 83.5 697.1 174.3 16.2
15:110:30.95 247.6:235.2:190.7 91.6 765.1 191.3 17.0
16:115:33.83 270.6:257.1:208.4 100.1 836.2 209.1 17.8
17:120:36.83 294.6:279.9:226.8 109.0 910.3 227.6 18.5
18:125:39.84 318.7:302.8:245.4 117.9 934.8 246.2 18.6
19:130:43.30 346.4:329.1:266.7 128.2 1070.4 267.6 21.4
20:135:46.60 372.8:354.2:287.1 137.9 1152.0 288.0 20.4
21:140:50.20 401.6:381.5:309.2 148.6 1240.9 310.2 22.2
• •
« «
• a
• •
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Table 2
Wind Loading, Wind at 90^ to Side Wall
{Left or Windward Rafter)
Load B
Load Point • ft• ft
Number 5:6:7
Roof Area 2x6= :2x4®p: «
12ft?:8 ft7:® ftTSq . Ft.
Value of "C" 0.73: 1.53: 1.75
•
•
•
ft
•
•
: >>
•S o
♦cf ^
. cr.H'^
•
to
Q)
>»-P
•P Vi
O •
o ^
iH »H
0)
>
ft 9
ft •
• ft
ft •
ft ft
ft ft
• •
ft ft
ft ft
• •
• ft
ft •
ft ft
ft •
ft ft
ft
ft ft
ft ft
•
ft ft
ft ft
TotalLo d FullSizeRaft r (lb.) TotalL d1/2-SizeModel (lb.) IncrementofLoad (lb.)•• ft ftft ftIt 40 4,09 35.8: 50.0; 57.2 143.0 35.8 35.82: 45 5.18 45.4: 63.3: 72.5 181.2 45.3 9.53: 50 6.39 56.0: 78.2: 89.4 223.6 55.9 10.6
4: 55 7.74 67.8; 94.7:108.3 270.8 67.7 11.8
5: 60 9.21 80.7:112.8:129.0 322.5 80.6 12.9
6: 65 10.81 94.7:132.3:151.4 378.4 94.6 14.0
7: 70 12.53 109.8:153.3:175.4 438.5 109.6 15.0
8: 75 14.39 126.1:177.3:201.4 504.8 126.2 16.6
9: 80 16.37 143.4:201.7:229.3 574.4 143.6 17.4
10: 85 18.48 161.9 :227.6:258.7 648.2 162.1 18.5
11; 90 20.72 181.5:255.2:290.0 726.7 181.7 19.6
12: 95 23.08 202.2:284.3:323.1 809.6 202.4 20.7
13;100 25.58 224.1:315.1:358.1 897.3 224.3 21.9
14:105 28.20 247.0:347.4:394.8 989.2 247.3 23.0
15:110 30.95 271.1:381.3:433.3 1085.7 271.4 24.1
16:115 33.83 296.4:416.7:473.6 1186.7 296.7 25.3
17:120 36.83 322.7:453.7:515.6 1292.0 323.0 26.3
18:125 39.84 349.0:490.8:557.7 1397.5 349.4 26.4
19:130 43.30 379.3:530.0:606.2 1515.5 378.9 29.5
20:135 46.60 408.2:574.1:652.4 1634.7 408.7 28.9
21:140
•
•
50.20 439.8:618.5:702.8 1761.1 440.3 31.6
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Table 3
Wind Loading, V/lnd at 90*^ to Side Wall
(Right or Leeward Rafter)
Load C
Lofid Poin1
Niiiaber
Roof Area
Sqt ft.
Value of "C"
0)
"a
=j
'd
as
^ •
+> :
•H •
o
H u,
0)
TJ tHJ
cs:
O ♦ tH
1: 40
2: 45
3:
4:
50
55
5: 60
6: 65
7: 70
8: 75
9: 80
10: 85
11:
12:
90
95
13:100
14:105
15:110
16:115
17:120
18:125
19:130
20:135
21:140
CO
q)—^
r.
+>
•H •
O ^
O I-I
I—t •
Q)
>
4.09
5.18
: 6.39
: 7,74
: 9.21
:10.81
:12.53
:14.39
:16.37
:18.48
:20.72
:23.08
:25.58
:28.20
:30.95
:33.83
:36.83
:39.84
;43.30
:46.60
:50.20
8 10 ;
2J 2: s;
8 ft.:8 ft.:8 ft.:
1.76: 1.50: 1.10:
56.3
72.9
89.9
108.9
129.7
152.2
176.4
202.6
230.6
260.1
291.8
324.9
360.1
397.1
435.8
476.3
518.5
560.9
609.7
656.1
706.8
: 49.1
: 62.1
: 76.7
: 92.9
:110.6
:129.8
:150.3
:172.7
:196.5
:221.7
:248.7
:276.9
:306.9
:338.4
:371.4
:405.9
:441.9
:478.1
:519.6
:559.2
:602.4
: 36.0
: 45.5
: 56.2
: 68.0
: 81.1
: 95.2
:110.2
:126.6
:144.1
:162.6
:182.4
:203.1
:225.0
:248.2
:272.4
:297.7
;324.1
:350.6
:381.0
:410.1
:441.8
u
<3)
'd +5
(d Vi
O as
a «---
(0
'd
OS
-*2•<d
•o
• #0 ♦
i-iV> rH
^:e|w
iH
(d
•p
o
E-«
a>
ts! H
•H S-'
CO
f-H
3
141
180
222
269
321
377
: 436
: 501
: 571
: 644
: 722
: 804
: 892
: 983
:1079
:1179
:1284
:1389
:1510
:1625
:1751
.4:
.5:
.8:
.8:
.4:
.2:
iH
cd
+3
o
EH
35
45
55
67
80
94
.9:109
.9:125
.2:142
.4:161
.9:180
.9:201
.0:223
.7:245
.6:269
.9:295
.5:321
.6:347
.3:377
.4:406
.0:437
•<D
;§
4-1
.4:35.4
.1: 9.7
.7:10.6
.5:11.8
.4:12.9
.3:13.9
.2:14.9
.5:16.3
.8:17.3
.1:18.3
.7:19.6
.2:20.5
.0:21.8
.9:22.9
.9:24.0
.0:25.1
.1:26.1
.4:26.3
.6:30.2
.4:28.8
.8:31.4
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Table 4
Wind Loading, Wind at 90° to Side Wall
(Right or Leeward Rafter)
Load D
Load Point
Number 11 12 13 14
TotalL ad ?ullSizeRaft r (lb.) TotalL ad 1/2-SizeModel ..(lb.) IncrementofLoad (lb.)
Roof Area
Sq. ft. Sft.^ 8ft.^ 8ft.^
2x6=
I2ftr
Talue of "C ' 1.00 1.00 1.00 1.00
L
Ur* *
o'o u
^:o xj
H «Q) •
•dW w
(d.d
0*H
•
Q
(D
>>4*
P U
O •
o JO
H rH
© w
>
1 40 4.09 32.7 32.7 32.7 49.1 147.2 36.8 36.8
2 45 5.18 41.4 41.4 41.4 62.2 186.4 46.6 9.8
3 50 6.39 51.1 51.1 51.1 76.7 230.0 57.5 10.9
4 55 7.74 61.9 61.9 61.9 92.9 278.6 69.7 12.2
5 60 9.21 73.7 73.7 75.7 110.5 331.6 82.9 13.2
6 65 10.8^ 86.5 86.5 86.5 129.7 389.2 97.3 14.4
7 70 12.53 100.2 100.2 100.2 150.3 450.9 112.8 15.5
8 75 14.39 115.1 115.1 115.1 172.7 518.0 129.5 16.7
9 80 16.37 131.0 151.0 151.0 196.4 589.4 147.4 J.7.9
10 85 18.48 147.8 147.8 147.8 221.8 665.2 166.5 18.9
11 90 20.72 165.8 165.8 165.8 248.6 746.0 186.5 20.2
12 95 23.08 184.6 184.6 184.6 277.0 830.8 207.7 21.3
13 100 25.58 204.6 204.6 204.6 307.0 920.8 230.2 22.5
14 105 28.20 225.6 225.6 225.6 338.4 1015.2 253.8 23.6
15 110 30 .9d 247.6 247.6 247.6 371.4 1114.2 278.6 24.8
16 115 33.83 270.6 270.6 270.6 406.0 1217.8 304.5- 25.9
17 120 36.83 294.6 294.6 294.6 442.0 1324.0 331.0 26.5
18 125 39.84 518.7 518.7 518.7 478.1 1434.2 358.6 27.6
19 130 43.50 346.4 346.4 346.4 519.6 1558.8 389.7 31.1
20 135 46.60 372.8 372,8 372.8 559.2 1677.6 419.4 29.6
21 140 50.20 401.6 401.6 401.6 602.4 1807.2 451.8 32.4
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interval and locating the point where the resultant passes
through the rafter. For purposes of Illustration two equi
librium polygons are shown in Figure 5. The resistance coef
ficient and equilibrium polygons were drawn to large scale for
maximum accuracy and reduced for Figure 5. The points of
application of the loads were numbered consecutively from the
lower load on the windward rafter to the lower load on the
leeward rafter.
The magnitude of the load to be applied at the load points
is given by the equation W• P^> where Wis the total con
centrated load in pounds per square foot, and A is the area
which is represented by the load W. The quantity p^ is given
by the equation p^ • cq, where c is the resistance coefficient
taken from the diagram in Figure 5, and q is the velocity pres-
2
sure of the wind. The value of q is (0.001189) V) , where
V is the true speed in miles per hours, and the density is that
of air at 15° C. and 760 mm. Hg. Expressed as an equation
W« Ac(0.001189) V)^
15
Since it is desired that the unit fiber stress in the
models be the same as that in full size rafters, the loads
applied to the models for a given wind velocity will be smaller
than the corresponding loads on the full size rafters. The
stress in a beam varies inversely as the square of the depth;
and since the width also is reduced by l/B, the bending moment
in the model need be only 1/8 of that in the full size rafter.
-39-
But the length is also reduced by 1/2; hence the load must be
reduced to 1/4 of the full scale load. This was done and the
results tabulated in Tables 1, 2, 3 and 4.
Application of loads
The model rafters were placed in the testing frame so
that the plate joint was held rigidly between the 2x10 planks
supporting the scaffold for the graph sheets. The lower ends
or sill joints were braced with a diagonal brace up to the
same 2x10*s» as shown in Figure 6. Scale models of Teco split
ring connectors were used in accordance with specifications
because a strong joint was especially desirable since this
investigation Is concerned with the action of the rafters
rather than the strength of the joints.
Lead and iron weights in various combinations were used
to produce the loads corresponding to the required variety of
wind speeds. The weights were placed in baskets suspended by
cables passing over ball bearing pulleys. The cables were
fastened to systems of eveners such that only four baskets were
required to apply all the loads, as shown in Figure 6. The
lengths of the eveners were such that the proper amount of the
load in each basket was distributed to the load points on the
rafters. The loads in the baskets were designated by letters,
as shown in Figure 6 and given in Tables 1, 2, 3 and 4. The
weights of the baskets were balanced by small pails of sand
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suspended by wires over the pulleys and fastened to the baskets.
The pulleys were those used by Clerk (3) who found the friction
so small that the percentage of error was less than the degree
of accuracy expected of the general procedure of testing. Since
the dead load of the roof and weight of eveners is in the oppo
site direction, and since the distribution of wind pressure
over the roof is not certain, the friction in the pulleys was
neglected.
Recording the deflections
Along with a icnowledge of the ultim6.te strength of each
type of rafter, it is desirable to ioaow just how each rafter
deflects under different wind speeds and to know the behavior
of the rafter while the deflection is changing. In order to
secure this information pencils were fastened securely to the
outer edge of the rafters and a sheet of graph paper fastened
to a plywood board in such a position that successive dots
made by the pencil on the paper would represent the deflections
due to the corresponding loads. The pljrwood boards were nailed
to a scaffold built up from the 2x10 base members of the testing
frame to which the rafters were fastened. The scaffold was
well braced and separate from the steel testing frame so as to
eliminate errors due to the deflection of the steel frame.
The graph paper was fastened to the plywood boards with draft
ing tape so that the lines of all graphs for one pair of
-4S-
rafters were exactly parallel in order that the true relation
between the deflections at different points might be obtained
after removal of the sheets. The deflection was recorded at
the ridge and at three intermediate points on each rafter•
On the windward rafter the deflections were recorded at points
6-1/2 feet and 11 feet above the base of the rafter and 5-1/2
feet below the ridge. On the leeward rafter the deflections
were recorded at points 6 feet and 10 feet above the base of
the rafter and 4 feet below the ridge.
Testing the Rafters
In the actual loading of the rafters in the testing frame,
loads B and C, Figure 6, were put in the baskets simultaneously.
This plan was followed because only a small deflection Is
caused at any point in the rafter by placing the two loads B
and C in their respective basicets since they are nearly opposite
in direction. The effect of adding B and C alone is a slight
reduction in the radius of curvature of the rafters, and nearly
all the stress is taken by the ridge joint.
Loads A and B are both in the same direction and conse
quently will deflect the rafter arch more so they were applied
last. The loads were calculated for velocities ranging from
40 miles per hour up to 250 miles per hour and tabulated by
5-mile per hour increments. Since the highest wind speed at
which any of the rafters were tested was 135 miles per hour,
-43-
Tables 1 to 4 list loads only up to 140 miles per hour. The
lov/est velocity at which the deflection was recorded was 40
miles per hour since velocities below this do not create
critical stresses in a barn and since a certain amount of
weight is required In the baskets to take up the slack in
cables and eveners.
After the additional weight for each 5-mile per hour in
crement was put into all the baskets the points of the pencils
fastened to the rafters were pushed against the graph sheet,
recording the position by a small dot.
The rafters were carefully watched for incipient failure
throughout all tests, and observation of their behavior under
loading continued until the test terminated,
A transit was set up to check the deflection of the
scaffold supporting the graph sheets, but the deflection was
found to be negligible# After rafters No. 1 and No. 3 were
unloaded, the points to which the pencils returned were marked
•on the graph sheets as "residual deflection," which gives a
measure of the elasticity of the rafters.
Results of Tests
Rafter No. 1 had seven laminations from end to end, as
illustrated in Figure 3, (a). The entire arch moved down wind
under the action of the loads, with the greatest deflection
ocourring at point £ which moved 4«18 inches under a wind load
-44-
of 135 miles per hour. This rafter showed no signs of failure
at any time during the test and appeared perfectly intact after
removal from the testing frame. When the loads were removed
the rafter did not resume its original shape> but retained a
small amount of deflection called residual deflection, as shown
in Figures 7, 8 and 9« The average of the residual deflections
for seven points on the rafter was 0.34 inches* Examination of
the ends of the rafter following the test showed no failure of
the glue joints nor of the split ring connector.
Rafter No. 2 had seven laminations at the bottom end and
five laminations at the top end as shown in Figure 3, (b)» The
behavior of the windward rafter was very similar to that of
rafter No. 1, but v/ith slightly less deflection at 155 miles
per hour. The deflection of the leeward rafter was a little
greater than for rafter No. 1. The movement of the ridge was
markedly different from the previous test. The ridge of rafter
No. 2 moved down and toward the lee side in a path about 30^
below the horizontal. When the load corresponding to a wind
velocity of 110 miles per hour was applied, the two inner lami
nations of the leeward rafter failed in tension near the plate
joint on the inside edge of the rafter, Figure 10. The breaJc
was approximately 14 inches long, beginning two inches below
the bolt through the plate joint and extending upward and toward
the neutral axis of the rafter. At 115 miles per hour the end
of the windward rafter at the ridge split in two places nearly
baclt: to a point even with the bolt through the split ring
J._-
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Flgure 10. Failure of Rafter No. 2
at Plate c"^oint
Figure 11. Failure of Rafter No. 3 at Ridge
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connector. The strength of the Joint was impaired very little,
as is shown in Figure 8 by the apparently negligible effect on
the deflection graph. The break in the two inner laminations
had little or no effect upon the deflection at point G, which
was the nearest point at which deflections were recorded,
Figure 9.
Rafter No. 3 had nine laminations at the bottom end and
five at the top. The arrangement of the laminations Is shown
in Figure 3, (c). The loads were applied in exactly the same
way as for rafter No# 1. At 115 miles per hour the ridge Joint
split in the manner shown in Figure 11. As with the previous
case there v/as no noticeable effect on the deflection graph.
This rafter exhibited a consistently smaller deflection than
rafter No. 2, and only at E was the deflection greater than
for rafter No. 1«
Since the maximum wind velocity ever recorded In Iowa Is
approximately 68 miles per hour, plans were made to test the
model rafters only up to 100 miles per hour. None of them
failed at this wind speed, so loading was continued to 135
miles per hour. Even at this wind speed none of the rafters
failed completely so that the structure would have been demol
ished. The information sought concerned the amount and nature
of the deflection of the different specimens rather than the
breaking strength, because experience and experimental infor
mation show that rafters of this type are strong enough to
resist loads due to cyclonic winds such as occur in Iowa and
-50-
nelghboring states.
Figure IS shows the shape of the models before they were
loaded, shown by the heavy line, and the shape of rafter No. 3
when loaded for a wind velocity of 135 miles per hour* The
greatest recorded deflection for rafter No. 3 occurred at point
E and was 4.47 Inches, which shows well the effect of the neg
ative pressure or suction on the lee side of a roof* Due to
the fact that part of the roof on the windward side is under
positive pressure and part under negative pressure, the deflec
tion of trie windward rafter is less than that of the leeward
rafter. This causes the ridge to drop as well as to move hor
izontally dovm wind. This was the case in all the tests,
although the ridge of rafter No. 1 dropped only 0.25 of an inch,
while for rafter No. 2 it dropped 1.05 inches, and for rafter
No. 3 it dropped 1.1 inches. Rafter No. 1 is much stiffer at
the upper end than either of the others, which probably accounts
for the more nearly horizontal movement of the ridge.
Figure 13 is a picture of the steel testing frame with
rafter No* 3 in place ready to be loaded. The lower ends of
the rafters cannot be seen in the picture because they extend
down betv;een the 2"xl0" base pieces of the frame into holes dug
in the ground. Figure 6 shows how the lower ends are braced.
The arrangement of loads in Figure 13 is for v/ind from the
left at 90*^ to the ridge. The positions of the graph sheets
for recording deflections may be noted, also their manner of
support•
•51-
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Figure 12, Rafter No. 3 Under Maiimun Load
Figure 13, Testing Frame with
Rafter In Place
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Figures 7, 8 and 9 show the actual deflections as recorded
by the pencils attached to the rafters. They were made on graph
paper having 20 squares to the inch in both directions so that
the magnitudes of the deflections may be found by counting
squares. The points were grouped as shown by tracing them from
the original sheets in such a way that all points representing
zero load are on the same vertical line. This was done to
facilitate comparison between the behavior of the different
rafters. The point farthest to the left in every case repre
sents the position of the recording pencil before any load was
placed on the rafters. The succeeding points in each line
represent the deflection at that point caused by each increment
of load applied to the rafters.
Rafters No. 1 and 3 were loaded for increments of wind
velocity of five miles per hour from 40 to 100 miles per hour.
The next loads were for 115, 130 and 135 miles per hour in
order. Rafter No. 2 was loaded similarly except that the
deflection at 110 miles per hour was recorded in addition.
The triangles, circles and equares represent deflections cor
responding to wind velocities of 0, 40, 60, 80 and 100 miles
per hour for rafters No. 1, 2 and 3 respectively.
When the tests had been completed and the loads removed,
the points to which the recording pencils returned were marked
for rafters No- 1 and 3. These points are marked "residual
deflection" in Figures 7, 8 and 9. In some cases these points
-53-
were identical with a point recorded as the rafter was "being
loaded#
For the three points on the v/indward rafter the deflection
was greatest for rafter No. 1 and least for No. 3, with that
for No. 2 being closer to No. 1 than to No. 3. For the ridge
and the three points on the leeward rafter the greatest deflec
tion was shown by rafter No. 2. The other rafters showed
deflections quite alike with the exception of point G which is
near the plate line. The deflection at this point was notice
ably smaller for No. 3 than for No. 1.
Table 5 shows the magnitude in inches of the deflections
at the various points for the wind velocities shown.
Figure 14 is a composite graph of the deflection at points
B, D and F, for all rafters, with the deflection in inches
plotted against the velocity in miles per hour. Semi-logarithmic
paper was used since the load varies as the square of the
velocity.
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-56-
DISCUSSION OF RESULTS
In view of the fact that none of these rafters was tested
to complete failure it cannot "be stated definitely which one
will withstand the higher wind velocity. However, it would
seem, by observation of the deflections of the different types,
that quite reliable conclusions could be drawn as to their
relative merits.
k comparison between Figure 12 and the work reported by
Pickard (13) reveals that the deflection of the laminated
rafters is in the order of 2 to 5 times the deflection of the
braced rafters tested by Pickard, This would favor the use of
the braced rafter if one considers only the roof. If the glued,
laminated, bent rafter is framed continuously from sill to
ridge, the main frame of the barn is considerably strengthened
at the plate line. By using modern timber connectors between
the frame members and diagonal or vertical sheathing the struc
ture is pretty well tied together. If anchor irons at the lower
ends of some of the rafters are used with anchor bolts, the
structure is also well anchored. The failure of a large per
centage of barns starts at the plate line. The percentage of
oases is small in which the roof either caves in or bulges out
without failure first occurring at some point in the lower part
of the frame ♦ It seeans then that the added strength of the
curved rafter at the plate line more than offsets the decrease
-57-
in strength of the part to which the roof sheathing is fastened,
There are approximately 42 board feet of lumber in a 36-
foot curved rafter of the type investigated here, 55 feet of
which are above the plate line. The average number of board
feet in the rafters tested by Piclcard is 46, as taken from a
table of the costs figured at $45 per thousand board feet«
This represents a saving of just under 50 cents per rafter,
accomplished by using the glued, laminated, bent rafters of
the type considered in this investigation.
// I
It will be noticed in Figure 14 that the collar beam is
tilted at an angle vilth the horizontal. This picture v/as
taken from a position such that the wind was from the left.
The greater uplift on the leeward rafter caused that end of
the collar beam to rise above the other. The internal angle
between the two rafters increased, with the consequence that
the outer edges of the rafters pushed against one another with
a force great enough to split the end of one, as shown in
Figure 14, The end of the windward rafter. No. 2, split in a
similar manner, though not so seriously.
This type of failure could be prevented by lapping the
ends of the rafters with a modern timber connector between
them. If this were done, the framing details of the lower ends
would have to be modified slightly to take care of the fact
that the center lines of the two rafters would not be in the
same vertical plane.
-58-
In sawing the ends of the model rafters to fit when in
position in the testing frame, short sections of the rafters
were removed. Several of these pieces were rested on one jaw
of a vise and sheared off in a longitudinal direction by "blows
with a hammer# In six tests made, only two of the fractures
were in the glue joints. In the two cases where the fracture
occurred in the glue joint, it was found that the glue had not
entirely covered the tvi^o adjacent surfaces. Where the glue
had covered the surfaces, parts of the wood had been torn loose
when the joint separated. This, of course, is not an accurate
test, but it gives an idea of the strength that might be
expected of the glued joints in the rafters.
On the strength of the report made by Giese and Anderson
(8) and from the results of the present investigation, it seems
that neither bolts nor nails, nor a combination of the two, add
a great deal to the strength of a glued, laminated, bent rafter
except possibly at the joints. The glue will withstand a fiber
stress as great as the wood itself; hence the load is carried
very largely by the glue until it or the wood fails when the
load is taken up by the bolts or nails. But after the wood or
glue has failed, the bolts or nails cannot maintain the original
strength of the rafter. Clamp bolts through the upper ends of
rafter No* 3, figure 14, would have increased the strength of
the ridge joint by preventing the splits from opening up as far
as they did. The pressure over the upper part of the surface
of contact at the ridge between the two rafters produces a
-59-
moment about each bolt opposite to that produced by the wind
loads. If the moment due to this pressure can be increased by
putting a bolt through the end of the rafter, a step forward
has been made. It might even be profitable to fasten the collar
beam a little farther down from the peak in ordei- to increase
the moment# Some testing would be required to settle the
question since this procedure might increase the bending moment
in the rafter at the ends of the collar beam beyond the ability
of the section to resist.
Questions have arisen concerning the initial fiber stress
im each lamination due to bending to the required shape for
the rafter. Experience furnishes the best answer to this.
Barns have been built for many years v/ith rafters curved to a
much shorter radius than that used in making the glued, lami
nated, bent rafter, and failure due to the initial stress in
the laminations set up in shaping the rafter is unknown.
If glued, laminated, bent rafters of full size could be
tested in a manner similar to that used in the present inves
tigation, more reliable conclusions could be reached concerning
their strength and behaviour under load. It is not certain that
the same results will be obtained by testing scale models as
by testing the full size rafters because it is difficult to
maintain the scale decided upon in the grain of the wood.
If the forces at the sill, plete and ridge were measured
by means of instruments while wind loads were being applied to
test models, the information gained would be greatly increased.
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There Is much to be desired in the way of information
concerning the wind pressure distribution over a building, and
until accurate information is available the design of rafters
of all types will not be exact.
-61-
CONCLUSIONS
Some conclusions which seem to be justified by the work
here reported are:
1. Rafter No. 3 is 1.28.times as stiff as rafter No. 1,
as calculated from information in Figure 12 at a wind velocity
of 135 miles per hour. It is 1.57 times as stiff as rafter
No. 2.
2. A curved rafter made on a 33-foot radius closely
approaches the ideal shape for stability under dead loads.
3. The maximum fiber stress for dead loads in a curved
rafter of this type occurs at a point about 5-1/2 feet below
the ridge.
4. The maximiim fiber stress for dead loads is not
critical.
5. It is possible to make a glued, laminated, bent rafter,
of the type described in this report, of sufficient strength
for general design.
6. VVhen the depth of the rafter is decreased near the
ridge, the stress due to wind loads is increased in the lower
portion of the rafter.
7. If the depth of the rafter is reduced near the upper
end, it should be increased at the lower end.
8. If the depth of the rafter is decreased at the upper
end, the ridge joint should not be so tight as to prevent all
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rotation unless steps are taken to prevent splitting of the
ends of the rafter.
9. A lap joint between the rafters at the ridge, using
a modern timber connector, would allow rotation of one rafter
about the other and reduce splitting of the ends of the rafters
due to the moment of the loads about the ridge Joint#
10. A bolt through the upper end of each rafter would
reduce splitting of the rafter and strengthen the ridge joint
where a short collar beam is used.
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suiaiiiRy
1. A study of statistics was conducted to show that of
farm "buildings the barn is most in ?ieed of improvement in design
to resist wind loads*
2. Previous literature was reviewed to avoid duplication^
in this investigation and to form a basis upon which to proceed,
3. Present and proposed types of curved rafters were
discussed as to their aesthetic and structural merits and
characteristics,
4. The subject of wind pressure distribution over build
ings was reviewed briefly and the distribution to be used in
this investigation decided upon,
5. A discussion of materials and methods included types
of rafters, construction of models, calculation and application
of loads, and recording of deflections*
6. The procedure of testing the rafters was explained.
7. The results of the tests were given and discussed and
conclusions drawn from the information secured in the
investigation.
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